Abstract We have investigated the possibility of using a consortium of marine bacterium and periphytic microalgae to improve the water quality and increase the growth and survival of the shrimp Penaeus monodon in a hatchery system. Three treatments were evaluated for their effect on P. monodon postlarvae (PL) when the culture water was not changed: Bacillus pumilus alone (B); periphytic microalgae alone (M); B. pumilus ? periphytic microalgae (BM). P. monodon PL raised in a tank of unchanged water without bacterium and periphytic microalgae served as the control. The water in tanks of the M and BM treatments had significantly low levels of total ammonia-nitrogen (TAN) (0.03 and 0.01 mg l -1 , respectively) and nitritenitrogen (NO 2 -N) (0.03, 0.01 mg l -1 , respectively) than that in the B (TAN 0.80, NO 2 -N 0.68 mg l -1 ) and control (TAN 1.11, NO 2 -N 1.12 mg l -1 ) tanks. Moreover, PL cultured in tanks M and BM had significantly higher survival and specific growth rates and a significantly higher resistance to the reverse salinity stress test than those in the B and control tanks. Compared to the control PL, the PL cultured in the BM tanks had significantly higher levels of protein, lipid, polyunsaturated fatty acids, ecosapentaenoic acid, and docosahexaenoic acid. The culture water in tanks BM also contained significantly less Vibrio than the control water. Our results illustrate the beneficial effects of a B. pumilus and periphytic microalgae consortium on improving the water quality and the growth and survival of shrimp PL grown in a hatchery system.
Introduction
Penaeus monodon shrimp larvae are cultured in hatcheries from nauplii to postlarvae (PL) stage 15-18 (PL15-PL18) after which time they are transferred to growout ponds. Active feeding starts from the first mysis stage and continues through to the PL stage and onwards. The production of ammonia and nitrite is negligible from the nauplii to zoea stage in the hatchery system. During this time, the amount of feed given is small, and it does not contribute to ammonia and nitrite buildup, which is harmful for shrimp culture. From the PL1 stage onwards, ammonia and nitrite starts to accumulate in the water column due to the high stocking density, presence of artificial feed containing high protein and faeces. This accumulation leads to high concentrations of toxic nitrogenous compounds, such as ammonia and nitrite, which is a constraint in the larval rearing system [1] . However, frequent water exchanges to improve the quality of the water in tanks lead to discharge of large amounts of waste water from the hatchery causing eutrophication in nearby rivers and coastal areas [2] . Inadequate amounts of high-quality live feed also contribute to the low survival and poor shrimp health in hatcheries.
There is increasing evidence that Bacillus spp. not only play an important role in improving water quality [3] but that they are also able to improve the growth and survival of Penaeus monodon [4] . Aujero et al. [5] showed that the survival of P. monodon larvae can be increased if the plankton feed is supplemented with other live feed, particularly bacteria, which are known to have a balanced nutritional value. In addition, promising results have been obtained with microorganisms in tanks and ponds in terms of controlling microbial infections during rearing larvae rearing [6] .
Microalgae are considered the best food for the first larval stages [7] due to their relevant and adequate biochemical composition [8, 9] . They also provides a means of recycling nitrogen and phosphorus leached from faeces and uneaten feed [10] . The primary source of protein in shrimp feeds is fishmeal (30-50%) [11] because of its known nutritional and palatability characteristics. According to Gross et al. [12] , fed aquaculture systems are inefficient as only about 15-30% of the nutrient input is converted into harvested product. Therefore, fishmeal protein content can affect the water quality, leading to a proliferation of diseases and low production. This has led to an increased interest in developing environmentally friendly feeds that will provide optimal growth.
In freshwater ponds, substrate addition for periphyton development has shown to increase Macrobrachium rosenbergii production by decreasing the inorganic nitrogen content in the water column. In addition, the heterotrophic bacteria growing on the substrate provide additional singlecell protein to augment prawn production [13] . Studies by Khatoon et al. [14] have shown that selected marine periphyton species have beneficial effects on water quality and the growth and survival of P. monodon postlarvae (PL) grown in the hatchery system. In another study, Khatoon et al. [15] demonstrated that isolated marine periphytic diatoms grown on substrate have a high nutritional profile which can be used as a feed supplement for P. monodon PL. However, the use of selected periphytic microalgae in combination with marine bacterium in P. monodon larval rearing tanks has not yet been tested. We have therefore evaluated the use of B. pumilus in combination with periphytic microalgae as a means for maintaining low levels of Vibrio, ammonia and nitrite and also as a source of supplemental feed for rearing shrimp PL in hatchery system without water exchange.
Materials and methods

Culture of indigenous marine B. pumilus and periphytic microalgae
In this study, we used the marine B. pumilus from the bacterial culture collection of the Aquatic Animal Health Unit, Universiti Putra Malaysia. This species was selected based on criteria such as an abundant in vitro secretion of extracellular enzymes and growth under a wide range of temperature, pH and salinity conditions [16] . B. pumilus cultures were maintained on tryptic soy agar (TSA) supplemented with 1.5% (w/v) sodium chloride (NaCl) (Merck, Germany) at 30°C and mass cultured in tryptic soy broth (TSB) (Merck, Germany) supplemented with 1.5% (w/v) NaCl.
Periphytic microalgae (cyanobacteria Oscillatoria sp. and diatoms Navicula, Amphora and Cymbella sp.) were collected from the microalgal culture collection of the Aquatic Animal Health Unit, Universiti Putra Malaysia. Pure cultures were maintained in Conway medium [17] at 28°C and under a 12/12-h light/dark photoperiod with light provided at an intensity of 31.9 lE m -2 s -1 .
Formation of a periphytic microalgal biofilm on substrate
Pure cultures of cyanobacteria and mixed diatoms were grown separately on PVC pipes (substrate), and the total surface area (0.44 m 2 ) needed for maintaining low levels of total ammonia nitrogen (TAN) and nitrite nitrogen (NO 2 -N) was calculated according to Khatoon et al. [14] . The water in the culture tanks was kept at 28°C and aerated using an air compressor; the tanks were kept for 2 weeks under a 12/12-h light/dark photoperiod, and light was provided at an intensity of 31.9 lE m -2 s -1 . The substrate was fully covered within 2 weeks with mat-like growth consisting of the selected periphytic microalgae. The total biomass on the PVC pipes for cyanobacteria and mixed diatoms were 21.25 and 21.16 g m -2 , respectively.
Experimental design
The experiment consisted of three treatments, namely (1) B. pumilus alone (B), (2) periphytic microalgae alone (M) and (3) B. pumilus ? periphytic microalgae (BM); the control (C) was a tank with water containing no bacteria and periphytic microalgae. All treatments were performed in triplicate, and the water was not exchanged/refreshed during the study period. Twelve 200-l rectangular glass aquaria, each containing 170 l filtered (mesh size 0.5 lm), chlorinated seawater (28 ppt) were used in this experiment. Penaeus monodon postlarvae stage 1 (PL1) were bought from a commercial hatchery and stocked into glass aquaria at a density of 50 PL1 l -1 . An air compressor was used to provide constant aeration to each aquarium. The same amount of commercial shrimp feed (Feed No. 1-3; Higashimaru, Japan) and Artemia (Golden Dolphin, Malaysia) was fed to the PL in all tanks six times a day. The experiment was terminated after 18 days (PL18 stage), which is when PL are normally transferred to the growout ponds.
Introduction of B. pumilus and the periphytic microalgal biofilm-coated substrate in experimental culture tanks
Bacillus pumilus (10 6 cfu ml -1 in culture tanks) and the periphytic microalgae (cyanobacteria and mixed diatoms)-coated substrate were introduced into the experimental tanks 1 day before the tanks were stocked with PL. To maintain the concentration of B. pumilus, we introduced fresh culture into the treatment tanks every 3 days. The fresh mixed diatom-coated substrate (21.16 g m -2 ; grown for 2 weeks) was replenished every 3 days as they were consumed by the shrimp PL. In contrast, the cyanobacteriacoated substrate remained in the treatment tanks until the end of the experiment since the shrimp PL did not feed much on the cyanobacteria growing on the substrate; there was no visible depletion of the cyanobacterial mat. Uncoated PVC pipes were introduced in the bacteria and control tanks 1 day prior to the introduction of the PL.
Physical and chemical parameters
Temperature, salinity, pH, and dissolved oxygen level in the culture tanks were measured daily using a YSI 556 MPS (YSI Life Sciences, Yellow Springs, OH). TAN and NO 2 -N were analysed on alternate days following the method of Parsons et al. [18] .
Biochemical analyses
The biochemical composition of the selected marine periphytic microalgae used in this study was determined using the method of Khatoon [19] . Proximate and biochemical analyses of the bacteria and shrimp postlarvae (PL18) were performed on freeze-dried samples. Protein, lipid and carbohydrate contents were analysed according to the methods of Meyer and Walther [20] . Fatty acid methyl esters (FAME) were prepared according to the direct methylation technique [21] . The FAME contents of the samples were analysed on a gas liquid chromatograph (model GC-8A; Shimadzu, Kyoto, Japan) equipped with a flame ionization detector (FID) and BPX-70 (SGE) or Supelco 2330 capillary column. Individual peaks of FAME were identified by comparison with retention times of known standards obtained from Sigma Chemical (Indianapolis, IN) and using cod liver oil as a secondary standard. A Chromatopac integrator (model C-R3A; Shimadzu) was used to quantify the magnitude of the peaks of each chromatographic reading.
Biological analyses
At the beginning and end of the experiment, 100 PL from each treatment and the control tanks were collected and dried at 65°C for 48 h to calculate the specific growth rate (SGR) of the PL based on the following formula:
where w 2 and w 1 represent the final and initial weight, respectively, and (t 2 -t 1 ) represents the duration of the experimental period. Shrimp PL survival was calculated, and the reverse salinity stress test was conducted at the end of the experiment. For the stress test, shrimp PLs (n = 100) were transferred from the culture tanks with 30 ppt salinity to freshwater (0 ppt), and the number of live animals was recorded after 2 h to calculate the survival percentage.
Vibrio spp. count A count of Vibrio spp. was performed using thiosulphate citrate bile salt (TCBS) sucrose agar (Merck, Germany) once every 3 days. Water samples from the tanks were serially diluted and spread on TCBS agar plates using the conventional spread plate technique.
Statistical analysis
The collected data were analysed using one-way analysis of variance (ANOVA). Water quality data were analysed using repeated measures ANOVA [22] . Significant differences among treatments were determined using Duncan's multiple range test. All of the data expressed in percentages were arcsine-transformed to satisfy the condition of homogeneity of variance [23] . Statistical analyses were performed using Statistical Analysis System (SAS ver. 9.2) computer software (Statistical Analysis System 9.1, SAS Institute, Cary).
Results
Water quality parameters
There was no significant difference in dissolved oxygen, pH, salinity and water temperature among the different treatments, with all these parameters falling within the normal range for shrimp culture (Table 1) . TAN and NO 2 -N were maintained at low concentrations in the M (0.00-0.03; 0.00-0.03 mg l -1 ) and BM (0.00-0.01; 0.00-0.01 mg l -1 ) tanks throughout the 18-day study period. In comparison, the TAN and NO 2 -N levels in the tanks of treatment B were higher than those in tanks M and BM, but significantly lower (TAN F 3,8 = 23246.9, p \ 0.0001; NO 2 -N F 3,8 = 99999.9, p \ 0.0001) than those in the control tanks. There was a gradual increase in TAN and NO 2 -N levels in the control tanks (Fig. 1) . Reduction of Vibrio counts in shrimp culture water
The Vibrio count was initially low in the BM tank followed by the M and B tanks and further decreased as the experiment progressed. No vibrios were detected on day 18 (Fig. 2) . On day 3, the Vibrio count was higher in tanks M and C than in the B and BM tanks.
Biochemical analyses
The isolated B. pumilus had a protein content of 69.3 ± 0.5%, lipid content of 11.1 ± 0.5% and carbohydrate content of 9.5 ± 0.3%. However, both of the polyunsaturated fatty acids (PUFAs; 20:5n-3 and 22:6n-3) were absent. The periphytic microalgae are reported to have a protein content of 43-49% dry weight (DW) and a lipid content of 23-26% DW; eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) comprises 2-3 and 3-15%, respectively, of the total fatty acids; nine essential amino acids are present [19] . At the end of the experiment, our analysis of the biochemical composition of the shrimp postlarvae (PL18) revealed that PL reared in BM tanks had significantly higher (F 3,8 = 48.35, p \ 0.0001) protein and lipid contents, followed by those raised in tanks M and B, than those reared in the control tanks (Table 2 ). In addition, PL reared in the BM and B tanks had higher carbohydrate contents than those reared in the other tanks (M and control). Shrimp PL cultured in the BM tanks also had higher amounts of PUFA, EPA and DHA than those reared in the control tanks (Table 2 ).
Survival and growth of shrimp PLs
Compared to the control, shrimp PL reared in the BM tank had a significantly higher survival rate, followed by those reared in tanks M and B (Fig. 3a) . The highest SGR (F 3,8 = 266.63, p \ 0.05) was found in PL reared in tanks containing a combination of B. pumilus and periphytic microalgae-coated substrate (BM) (Fig. 3b) . The reverse salinity stress test also showed that shrimp PL cultured in the BM tanks had significantly higher survival rate than those in the control tanks (Fig. 3c) . 
Discussion
The rationale for our choice of the combination of marine B. pumilus and periphytic microalgae were manifold. Bacillus species have been found to be effective in promoting shrimp postlarval growth [4] and enhancing water quality [3] . In addition, B. pumilus and the periphytic microalgae used in this study both grow at a wide range of temperatures (15-40 and 22-35°C, respectively), pH (5.0-8.5 and 7.0-8.5, respectively) and salinity (0-5% and 25-35 ppt, respectively) [16, 19] . B. pumilus was found to show no pathogenicity to P. monodon PL and did not cause any infection or disease [16] . Our results also show that both Bacillus species and periphytic microalgae had adequate amounts of protein and lipid, thereby making them suitable for use as feed supplement in P. monodon PL rearing systems [15, 24] . Mevel and Prieur [25] reported heterotrophic nitrification by Bacillus strains, but as their activity is lower than that of autotrophs [26] , in our experiments, we combined B. pumilus with periphytic microalgae, which are efficient in reducing TAN and NO 2 [14] in marine aquaculture systems. Bender and Phillips [27] showed that microbial mats rapidly remove ammonia at levels of 4.1-0.2 mg/l. Jawahar Abraham et al. [28] reported that Bacillus sp. in combination with Nitrosomonas sp. was efficient in removing TAN (96.2%). In our experimental system, the combination of B. pumilus and attached microalgae helped maintain low concentrations of TAN and NO 2 -N in the tanks. The concentration of TAN using the specific consortium of bacterium and periphytic microalgae in our study was lower than that reported by Khatoon et al. [14, 15] , who used only periphyton and diatoms, either singly or in combination.
The presence of vibrios in shrimp PL rearing systems and growout ponds have been reported to be one of the major causes of mass mortality [29] . Verschuere et al. [30] and Moriarty [31] reported that Bacillus is able to exclude DW Dry weight, TFA total fatty acid Means (n = 3 tanks per treatment) in a row followed by a different lower-case letter are significantly different other bacteria through the production of antibiotics. In vitro experiments by Banerjee et al. [32] showed that marine Bacillus spp. isolated from shrimp were able to reduce the concentration of vibrios from 10 8 to 10 2 cfu ml -1 . Microalgae have also been reported to exhibit antibacterial activity [33] . The combination of microalgae and bacteria has been shown to overcome the virulence of V. campbellii and V. proteolyticus in gnotobiotic Artemia [34] , and Schumacher et al. [35] have shown that it is possible to reduce the level of nutrients and bacteria through the addition of an algal biofilm to a wastewater treatment system. Therefore, we suggest that the low counts of Vibrio in our experiment can be attributed to the B. pumilus and periphytic microalgae introduced into the tanks.
Although the same amount of commercial feed and Artemia were fed to the PL in all tanks, a significantly higher growth rate and survival rate were observed in the BM tanks compared to the control tanks. Nutritional analyses of bacteria by Brown et al. [36] revealed that protein is the major constituent of bacteria, ranging from 29 to 49% DW, with lipid comprising 4.7-9% DW and carbohydrate 2.5-11.1% DW; PUFAs were absent. In this study, the absence of PUFAs in the B. pumilus was compensated for with the addition of a microalgal strain with a balanced nutritional profile. Thompson et al. [37] and Ballester et al. [38] reported that the growth of shrimp is enhanced when it consumes microorganisms in the water column or attached to a biofilm; as such, microorganisms are an important supplementary food source for stimulating growth. Rengpipat et al. [39] reported that the use of Bacillus as a feed supplement for P. monodon produced a better survival rate following bacterial challenge tests. Bacillus spp. also secretes a wide range of exoenzymes [31] , and the B. pumilus used in this study has been reported to secrete lipase, protease and amylase [16] . The shrimp digestive system is activated particularly in the larval and early post-larval stages, when the probiotics would have the greatest effect [40] . Therefore, we suggest that the enhanced growth performance of the shrimp in our study may also be due to an increased activity of digestive enzyme induced by B. pumilus. PL were observed grazing regularly on the mat of mixed diatoms, which was consumed within 3 days, demonstrating that the combination of B. pumilus and periphytic microalgae acted as a supplemental food source that was utilized by the PL in addition to their consumption of the commercial feed and Artemia. The presence of the diatoms may have contributed significantly to the better survival and growth rates compared to the control.
The results of our studies suggest that the bacteria and periphytic microalgae complex used here is efficient in maintaining low levels of TAN and NO 2 -N and that there is therefore no necessity to change the water throughout the culture period. This complex also has the potential to increase the survival of PLs, produce healthier shrimp, reduce Vibrio levels and simplify the larval culture technique. Further research should be carried out using this consortium in a commercial hatchery system.
